Boea hygrometrica (B. hygrometrica) can tolerate severe desiccation and resume photosynthetic activity rapidly upon water availability. However, little is known about the mechanisms by which B. hygrometrica adapts to dehydration and resumes competence upon rehydration. Here we determine how B. hygrometrica deals with oxidative stress, excessive excitation/electron pressures as well as photosynthetic apparatus modulation during dehydration/rehydration. By measuring ROS generation and scavenging efficiency, we found that B. hygrometrica possesses efficient strategies to maintain cellular redox homeostasis. Transmission electron microscopy (TEM) analysis revealed a remarkable alteration of chloroplast architecture and plastoglobules (PGs) accumulation during dehydration/rehydration. Pulse-amplitude modulated (PAM) chlorophyll fluorescence measurements, P700 redox assay as well as chlorophyll fluorescence emission spectra analysis on leaves of B. hygrometrica during dehydration/rehydration were also performed. Results showed that the photochemical activity of PSII as well as photoprotective energy dissipation in PSII undergo gradual inactivation/activation during dehydration/rehydration in B. hygrometrica; PSI activity is relatively induced upon water deficit, and dehydration leads to physical interaction between PSI and LHCII. Furthermore, blue-native polyacrylamide gel electrophoresis (BN-PAGE) and immunoblot analysis revealed that the protein abundance of light harvesting complexes decrease markedly along with internal water deficit to restrict light absorption and attenuate electron transfer, resulting in limited light excitation and repressed photosynthesis. In contrast, many thylakoid proteins remain at a basal level even after full dehydration. Taken together, our study demonstrated that efficient modulation of cellular redox homeostasis and photosynthetic activity confers desiccation tolerance in B. hygrometrica.
Introduction
Being sessile organisms, plants must evolve efficient strategies to cope with challenging environmental stresses. Water deficit is a major factor that restricts plant growth and crop yield. Plants have multiple mechanisms and signaling pathways to respond to water deficit, however, some of these adaptive mechanisms might inevitably affect plant yield parameters, or even lead to death when plants are exposed to severe drought (Scott 2000, Bartels and Salamini 2001) . There exists a group of higher plants, resurrection plants, which possess a remarkable capability that tolerate extensive periods of drought via a primal strategy called desiccation tolerance (DT) (Oliver et al. 2000, Black and Pritchard 2002) . Plant DT is defined as the ability to survive the loss of almost all (> 95%) of its cellular free water in equilibrium with moderately dry for extended periods and to resume full metabolic activity upon rehydration (Maia et al. 2011) . DT was firstly presented in the basal clade of bryophytes, and subsequently evolved as an adaptive trait of critical importance for relatively dry land colonized plants (Rascio and Rocca 2005, Farrant et al. 2007 ). Despite vegetative DT (which means the ability of plants to survive desiccation in the vegetative stage) being lost early in the evolution of tracheophytes, however, at least 13 lineages of the angiosperms have regained this magical property (Oliver et al. 2000) .
Resurrection plants possess DT ability and adopt a seemingly dormant state for surviving various long-term water deficits (Farrant and Moore 2011) . They have evolved unique mechanisms to protect themselves from oxidative damage due to elevated generation of reactive oxygen species (ROS) especially in chloroplasts upon dehydration (Dinakar et al. 2012 , Charuvi et al. 2015 . For example, resurrection plants accumulate osmolytes (such as various low weight proteins, sugars and compatible solutes), maintain cellular redox homeostasis by switching on synthesis of antioxidant molecules (such as ascorbate and glutathione) and activate antioxidant enzymes system for elimination of ROS during dehydration (Crowe et al. 1992 , Sherwin and Farrant 1998 , Apel et al. 2004 , Kranner and Birtić 2005 , Dinakar et al. 2012 . In addition, the most obvious morphological changes such as leaf curling or folding is the preliminary strategy for resurrection plants to reduce transpiring surface, by which their leaf stomatal conductance (Gs) and transpiration rate (Tr) could be decreased to restrict water loss during dehydration (Scott 2000 , Farrant et al. 2003 , Charuvi et al. 2015 . Meanwhile, leaf folding also prevents resurrection plants from excessive light absorption, thus avoiding excess energy excitation which might result in photodamage (Ort 2001 , Jeong et al. 2002 , Zia et al. 2016 .
In the wild, most resurrection plants, especially some rocky zone distributed species, are habitually exposed to drought combined with high light irradiation, and they have developed efficient photoprotection mechanisms to cope with these stressful conditions (Georgieva et al. 2010 , Huang et al. 2012 . In fact, resurrection plants are generally categorized into homoiochlorophyllous and poikilochlorophyllous types regarding chlorophyll (Chl) content variation (Christ et al. 2014) . During early stages of dehydration, poikilochlorophyllous resurrection plants block light absorption and shut down photosynthesis by breaking down Chl and dismantling thylakoid proteins (Farrant 2000 , Dinakar et al. 2012 , Zia et al. 2016 . As a result, they must re-synthesize these photosynthetic components de novo upon rehydration (Charuvi et al. 2015 , Rakić et al. 2015 . On the contrary most photosynthetic components, as well as several kinds of pigments, in the homoiochlorophyllous resurrection plants are retained; therefore additional strategies must be evolved to prevent themselves from photo-damage during dehydration (Charuvi et al. 2015 , Flores-Bavestrello et al. 2016 ). The major photo-protective mechanism, nonphotochemical quenching (NPQ), has been shown to be active in homoiochlorophyllous angiosperms and during the initial stages of drought in poikilochlorophyllous angiosperms (Beckett et al. 2012 , Christ et al. 2014 , Zia et al. 2016 . It has been reported that carotenoids and zeaxanthin are accumulated upon dehydration, both of which not only play critical roles for inducing NPQ, but also function in quenching of singlet oxygen and preserving thylakoid membranes from peroxidation (Havaux et al. 2007 , Du et al. 2010 , Beckett et al. 2012 ). In addition, effective modulation of the redox state of the electron transfer chain (ETC) and the distribution of energy from lightharvesting complex II (LHCII) between PSI and PSII are also important for resurrection plants to achieve photoprotection upon water deficit in combined with excess light (Mittler 2002 , Golding et al. 2004 . Cyclic electron transport in PSI has also been reported to be important for dehydration stress response in resurrection plants (Zia et al. 2016 ).
In fact, cyclic electron transport is generally considered to be tightly coupled with the generation of ÁpH across the thylakoid membrane to maintain ATP production. Increased ÁpH might also carry out regulatory roles via the acidification of the thylakoid lumen. Therefore, cyclic electron transport in PSI functions as an essential mechanism for photosynthesis and plant growth regulation especially under challenging environmental conditions (Yamori and Shikanai 2016, Tikhonov 2015) .
B. hygrometrica is a typical perennial angiosperm homoiochlorophyllous resurrection plant (Mitra et al. 2013 , Zhu et al. 2015 . This shallow rock inhabiting Gesneriaceae plant possesses both whole plant and detached leaf or leaf segment DT (Xiao et al. 2015) . Recently, investigations about B. hygrometrica in terms of dehydration and rehydration have been reported by several groups and the adaptive strategies have been identified to be related to photoprotection and redox homeostasis maintenance (Jiang et al. 2007 , Wang et al. 2009 , Xiao et al. 2015 , Zhu et al. 2015 . However, the contributions of photosynthetic apparatus protection for DT in B. hygrometrica upon dehydration and rehydration have not been elucidated clearly. Here we determined physiological parameters in relation to redox homeostasis and photosynthesis, and systematically analyzed the organization of photosynthetic machinery in B. hygrometrica during dehydration and rehydration. Our data revealed that B. hygrometrica DT is attributed, at least in part, to the efficient modulation of redox homeostasis and photosynthetic apparatus under water deficit conditions. We also found that maintenance of basal level photosynthetic apparatus offers the opportunity for B. hygrometrica to resume vitality rapidly upon rehydration.
Results
Morphological and hydrodynamic changes during dehydration/rehydration cycle in B. hygrometrica Fresh hydrated (FD) six-leaf stage plants of B. hygrometrica grown in a greenhouse with regular watering conditions were subjected to treatment with gradual soil-dehydration (SD) and subsequent soil-rehydration (RD). After 9 days withholding water, their leaves lost turgor and started to curl, and the relative water content (RWC) of whole plant decreased to approximately (app.) 50% (SD1, Fig. 1A , top panel). When SD treatment was extended to about 14 days, the plant lost almost all the internal water and shrunk into a spherical shape (SD2, app. 5% RWC; Fig. 1A , top panel). Interestingly, these completely dried plants were able to restore vitality rapidly upon soil-rehydration, they returning to partially rehydrated (RD1, app. 50% RWC) and fully rehydrated (RD2, app. 95% RWC) within only 12 and 24 h, respectively (Fig. 1A, top  panel) . In contrast to B. hygrometrica, however, the leaves curling of Arabidopsis thaliana (A. thaliana) did not occur during dehydration (Fig. 1A, bottom panel) . Notably, the water loss rate of B. hygrometrica during dehydration was much faster than that of A. thaliana (Fig. 1B and 1C) , while the rehydration rate of B. hygrometrica was slower than that of A. thaliana when recovering from partially soil-dehydrate (app. 50% RWC, Fig. 1C ). In addition, the water loss rate of detached leaves from B. hygrometrica was faster than that from A. thaliana, which was consistent with whole-plant analysis (Fig. 1D) . These results revealed that B. hygrometrica is a typical resurrection plant which possesses vegetative DT.
Cellular redox homeostasis modulation during dehydration and rehydration in B. hygrometrica
We then determined whether the redox homeostasis was altered during dehydration/rehydration in B. hygrometrica. Data showed that the content of H 2 O 2 in all five states . thaliana (bottom) in response to soil-dehydration and soli-rehydration. Four-month-old B. hygrometrica and 3-week-old A. thaliana were collected for gradual soil-dehydration or soil-rehydration, photographs were taken at each expected RWC state and RWC was determined. Error bars represent SD (n > 3). Soil-dehydration and rehydration treatment were represented as pink arrow and cyan arrow, respectively. SD, soil-dehydration; RD, soil-rehydration; data in bracket indicates the RWC of each hydrated state. Scale bar = 2 cm. Experimental details can be found in the Method. (B) Time course for fully soil-dehydration in B. hygrometrica and A. thaliana. Fresh hydrated plants of B. hygrometrica and A. thaliana grown in soil were subjected to fully dehydration by withholding water, and the total time (days) for drying out were recorded for each plant, respectively. (C) Hydrodynamic kinetics of B. hygrometrica and A. thaliana in response to partially dehydration and fully rehydration. Fresh hydrated plants of B. hygrometrica and A. thaliana grown in soil were subjected to soildehydration until about 50% RWC, then recovered to fully soil-rehydrated, time course and respective RWC were recorded. Error bars represent SD (n > 3). (D) Dehydration kinetics of detached leaves. Detached leaves from fresh hydrated plants of B. hygrometrica and A. thaliana were subjected to air dehydration and their RWC at indicated time points were monitored. Error bars represent SD (n = 3). during dehydration/rehydration cycle was kept at a similar level ( Fig. 2A) . Interestingly, the ratio of reduced glutathione (GSH) to oxidized glutathione (GSSG), increased in response to water deficit, suggesting that the cellular redox homeostasis was disturbed and production of reductants such as GSH were enhanced rapidly for detoxification (Fig. 2B) . We also found that the enzymatic activities of ascorbate peroxidase (APX), catalase (CAT), peroxidase (POD) as well as superoxide dismutase (SOD), which participate in enzymatic ROS scavenging, were partially induced by dehydration and then decreased to normal level during rehydration (Supplementary Figure  1A-1D ). In addition, the content of malondialdehyde (MDA) increased significantly in response to water deficit, indicating membrane lipid peroxidation in B. hygrometrica (Fig. 2C) . Consistently, electrolyte leakage (EL) rate in SD2 state was markedly higher than any other state, suggesting that the membrane integrity was impaired due to oxidization upon dehydration (Fig. 2D) .
Sub-cellular morphological changes of chloroplasts upon dehydration and rehydration in B. hygrometrica Next, we determined the changes of sub-cellular architecture in chloroplast and thylakoid system using transmission electron microscopy (TEM). During dehydration, the number of intact chloroplast decreased markedly (Fig. 3A-3C) , and the remaining ones were reshaped from ellipsoidal to spherical (Fig. 3F-3H ). In addition, the lamellar thylakoid consisting of parallel layers of stacked thylakoids/grana became loose and irregular upon dehydration, although the membranes appeared to be intact (Fig. 3F-3H and 3K-3M). These observations indicate a putative strategy for resurrection plants to acquire DT against water deficit. Furthermore, we observed obvious accumulation of thylakoid-associated lipid droplets, plastoglobules (PGs), which appear to participate in regulating thylakoid function under changing environmental conditions including drought (Ytterberg et al. 2006 , Bailey et al. 2008 , Rottet et al. 2015 (Fig. 3H) . On the other hand, starch grain decreased significantly upon dehydration ( Fig. 3F-3H ), indicating that water deficit alters cellular metabolic processes. Interestingly, all of these alterations were reversible and the quantity or architecture of chloroplasts as well as thylakoid system recovered gradually to normal condition level during rehydration ( Fig. 3D-3E , 3I-3J and 3N-3O).
Modulation of photosynthetic activity to keep adaptation with cellular internal water balance during dehydration/rehydration B. hygrometrica belongs to homoiochlorophyllous resurrection plants (Ltd et al. 2009 , Mitra et al. 2013 . Consistently, we found that the total content of Chls, including Chla and Chlb only changed slightly in B. hygrometrica ( Fig. 4A and 4B ), whereas it was significantly decreased in A. thaliana in response to dehydration and could not be rescued to normal level during rehydration (Fig. 4A) . Additionally, the content of carotenoid was partially increased in the states of SD1, SD2 and RD1 ( Fig. 4B and Supplementary Fig. 2A ). Furthermore, UV absorption hygrometrica at five states were subjected to redox homeostasis analysis. H 2 O 2 content (A), GSH/GSSG ratio (B), MDA content for lipid peroxidation (C) and electrolyte leakage (D) were determined in the five hydrated states respectively. FD, fresh hydrated; SD1, partially soildehydrated; SD2, severely soil-dehydrated; RD1, partially soil-rehydrated; RD2, fully soil-rehydrated. Error bars represent SD (n = 3). Statistical significance was determined by One-way ANOVA; significant differences (P 0.05) are indicated by different lowercase letters. Experimental details can be found in the Method. spectrums of B. hygrometrica pigments extract in unsaturated states (SD1, SD2 and RD1) were higher than that in saturated states (FD and RD2) ( Supplementary Fig. 2B ), suggesting that dehydration might also induce unidentified non-chlorophyll pigments substances which function in B. hygrometrica photoprotection during dehydration. Pulse-amplitude modulated (PAM) chlorophyll fluorescence measurements on leaves of B. hygrometrica revealed that the max photochemical activity of PSII (F v /F m ) in fresh hydrated state (FD) was 0.788 ± 0.019 after dark-adaptation ( Fig. 4C and 4D ), which was decreased to 0.537 ± 0.028 in plants dehydrated to approximately 50% RWC (SD1) and finally declined to zero in the state of severe dehydration (SD2) ( Fig. 4C and 4D ). Upon rehydration, the value of F v /F m recovered rapidly from SD2 state to state RD1, and finally reached a level indistinguishable from that in fresh hydrated plants after 24 h-rehydration (RD2) ( Fig. 4C and 4D ). In addition, the net photosynthetic rate (Pn) decreased significantly upon dehydration in B. hygrometrica, which could be completely restored after re-watering ( Supplementary Fig. 2C ). Meanwhile, transpiration rate (Tr), intracellular CO 2 concentration (Ci) as well as stomatal conductance (Gs) displayed similar pattern like Pn in response to dehydration and rehydration ( Supplementary Fig. 2D-2F) . Surprisingly, the dark-light transient NPQ were declined from 0.737 ± 0.026 in FD state to 0.561 ± 0.021 in SD1 after dehydration ( Fig. 4C and 4E ), and no signal was detected in SD2 state (Fig. 4E ). Similar to F v /F m , NPQ could return to normal level after fully rewatering ( Fig. 4C and 4E ). Since NPQ contributes to excess light energy dissipation especially under challenging conditions (Demmigadams and Adams 1996, Muller et al. 2001) , it therefore raised the question of how B. hygrometrica deals with excess energy excitation during water deficit.
Consistent to photosynthetic activity, the light-response curves of PSII quantum yield, Y(II), displayed a rapid decline in response to high light (Fig. 5A) . The level of Y(II) in SD1 plant was much lower than that in FD state, and it was undetectable in SD2 state when RWC decreased to less than 5% (Fig. 5A) . Surprisingly, Y(II) could recover gradually to normal levels upon rehydration (Fig. 5A ). We also found that the light-response curve of Y(NPQ) elevated along with increasing light intensity. Interestingly, it decreased relatively in response to dehydration, and displayed a similar recovery pattern to that of Y(II) upon rehydration ( Fig. 5A and 5B). In addition, we found that the light-response Y(NO) only partially changed in the four hydrated states SD1, SD2, RD1 and RD2 (Fig. 5C ), but it could reach to 1 when the plant was almost completely dehydrated (Fig. 5C) . Importantly, the light-response 1-qP was induced during dehydration, and it raised close to 1 when plants were partially dehydrated combined with high light irradiation (>500 mmol photons m À2 s
À1
) and especially in the state of almost completely dehydration 1-qP kept as 1 under various light intensities. Furthermore, we found that the photosynthetic quantum yields, including Y(II), Y(NPQ) and Y(NO) under steady-state (dark-adapted plants illuminating with 150 mmol photons m À2 s À1 for 10 min) were only slightly changed among the four hydrated states (Supplementary Fig. 3A ). In the state of SD2, both Y(II) and Y(NPQ) were completely abolished, whereas Y(NO) almost reached to 1 (Supplementary Fig.  3A ). In addition, Y(NPQ)/Y(NO), which represents the total photochemical dissipation, was similar in all the hydrated states (FD, SD1, RD1 and RD2), however, the Y(II)/Y(NO) ratio decreased markedly upon dehydration, and it could return to normal level after re-watering ( Supplementary Fig.  3B) .
Furthermore, the dark-relaxation curves of NPQ were analyzed in terms of 12-min exposure to moderate light (500 mmol photons m À2 s
). As expected, under this moderate actinic light, the dark-relaxation curves of NPQ presented a similar trend in the four hydrated states, only when the plant was dehydrated to almost completed dry (SD2), did this parameter turn to be abolished ( Supplementary Fig. 4A ). Generally, NPQ is recognized as a composite process, and it can be decomposed into qI, qE and qT under dark relaxation (Avenson et al. 2009 , Guadagno et al. 2010 , Jin et al. 2014 . We then calculated qI and qE based on dark-relaxation curves of NPQ ( Supplementary Fig.  4A ). Data showed that qI was almost equal in the four hydrated states except for SD2 state ( Supplementary Fig. 4B ), this might be due to an adaptation to the illumination light (500 mmol photons m À2 s
). In contrast, qE showed a marked decrease in response to water loss ( Supplementary Fig. 4C ), and it was not induced in B. hygrometrica even under severe water deficit stress.
Water deficit results in physical interaction between PSI and LHCII, and reduced energy distribution to PSII Thylakoid membranes from B. hygrometrica at five states were exposed to excitation wavelengths of 436 nm and 480 nm and the emission spectra were recorded from 650 nm to 770 nm. It has been well documented that free LHCII trimers and monomers emit fluorescence with a peak at 680 nm, and PSI-LHCI complex emit at 720 nm (Grieco et al. 2015) . In our study, the heights of these two peaks at wavelengths of 680 nm and 720 nm during dehydration/rehydration cycle were reduced or recovered consistently, suggesting that LHCII and PSI-LHCI had cooperative response in response to water deficit ( Supplementary Fig. 5 ). In this case, the concerted reaction might be derived from potential functional relations between LHCII and PSI-LHCI.
We also compared the PSI activity in B. hygrometrica at the five states. The light-response curve of quantum yields of PSI, Y(I), progressively declined along with the light intensity (Fig. 5E) . Unexpectedly, the amplitude of Y(I) only changed slightly in the four hydrated state, rather than that of Y(II) which dropped markedly during dehydration, though both of them finally turned to be undetectable in almost completed dried plant (SD2) (Fig. 5A and Fig. 5E ). This data indicated that the PSI centers are still active during moderate dehydration, which might result from the maintenance of cyclic electron flux (CEF) around PSI. Consistently, the complementary Y(ND) and Y(NA) showed similar tendency with Y(I) (Fig. 5F and 5G), suggesting that during dehydration/rehydration, the non-photochemical energy dissipation in PSI donor-side and acceptor-side could be maintained in coordination with the limited PSI capacity. In addition, the electron transport rate (ETR) of linear electron flux (LEF) around PSII was dramatically decreased (Supplemental Fig. 6A ). Further analysis . The false-color images of F v /F m and NPQ in SD2 state were complete black, therefore both were omitted. Error bars represent SD (n = 3). Statistical significance was determined by One-way ANOVA; significant differences (P 0.05) are indicated by different lowercase letters. At least three plants per treatment in each were measured. FD, fresh hydrated; SD1, partially soil-dehydrated; SD2, severely soil-dehydrated; RD1, partially soil-rehydrated; RD2, fully soil-rehydrated. Experimental details can be found in the Method.
showed that the electron transport activities (ETA) of each photo-system as well as the whole ETA decreased to a different extent during dehydration. It should be noticed that the ETA of PSI was less sensitive to water deficit than that of PSII (Supplemental Fig. 6B ). It is likely that the repressed photosynthetic capacity is mainly attributed to the limited electron flux, especially LEF. We determined Y(I)/Y(II) ratio and found that it could be markedly induced during dehydration (Fig. 5H) , implying a regulatory role of CEF in photosynthetic regulation in response to water deficit. Moreover, energy distribution between PSI and PSII was further analyzed in terms of F730/F685 fluorescence ratio. Data showed that water deficit significantly induces F730/F685 ratio, indicating an enhanced energy distribution to PSI, and a release of energy load in PSII (Supplemental Fig. 6C ).
Distribution of thylakoid pigment-protein complexes in response to dehydration and rehydration According to the above analyses, we hypothesized that the partial attenuation of LEF might result from the inactivation or degradation of cytochrome b6f (Cytb6f) complex, and the decrease of photosynthetic activity might be attributed to the progressive inactivation of light-harvesting system. To verify these hypotheses, the compositions of thylakoid complexes were analyzed by BN-PAGE. Compared to the band profile of A. thaliana, at least two types of PSII super-complex, associated with one to four LHCII trimers (C 2 S, C 2 S 2 , C 2 S 2 M and C 2 S 2 M 2 ) (Caffarri et al. 2009 , Pietrzykowska et al. 2014 , were significantly reduced upon water deficit (Fig. 6A) . Except for PSII-LHCII super-complexes, the n-dodecyl b-D-maltoside (DM) solubilized thylakoids was mainly comprised of PSI + PSII dimer, PSII core and different LHCII combinations (Fig. 6A) . The amount of PSI-LHCI comigrated with PSI + PSII dimer in the native gel reduced significantly in response to dehydration, but subsequently recovered to normal level after re-watering ( Fig. 6A and 6B) . High amounts of free LHCII trimer were observed in all the samples; however, these LHCII trimers decreased to some extent upon dehydration (Fig. 6A) . Meanwhile, PSII dimer and associated PSI-LHCI displayed a similar pattern such as LHCII trimer during the dehydration/rehydration cycle (Fig. 6A) . Quantification of bands in Coomassie Brilliant Blue (CBB) stained BN-PAGE gel showed that the level of ATP synthase, PSII core monomer, Cytb6f monomer as well as LHCII monomer and other disassembled pigment proteins degraded dramatically upon water deficit (Supplemental Fig. 7 ). Most importantly, these dismantled thylakoid complexes could be reassembled upon rehydration ( Fig. 6A and Supplemental Fig. 7) . Interestingly, several thylakoid complexes remained stable during the whole dehydration/rehydration cycle (Fig. 6A) . To determine the alteration of complexes and subunits, two dimensional (2D) SDS-PAGE assay and immunoblot analysis were performed. Data revealed that the major subunits, including PsaA/PsaB, CP43/CP47 and D1/D2, decreased to a different extent upon water deficit, but all of them remained detectable; even B. hygrometrica were subjected to almost full dehydration (SD2) (Fig. 6B and 6C) . Results from immunoblot showed that the reaction center subunits (including D1 and D2), ATP synthase, Cytb6f and CP43/47 underwent significant degradation upon water deficit (Fig. 6C) . In contrast, PsaA/PsaD and PsbP/ PsbO protein level altered to less extent (Fig. 6C) . In terms of light harvesting complexes, LHCI (Lhca1-Lhca4) was more sensitive to water deficit compared to that of LHCII (Lhcb1-Lhcb5), which appears to be stable during dehydration/rehydration (Fig. 6C) . Rehydration-induced synthesis of thylakoid complexes subunits, together with remaining components, allows rapid reassembly of photosynthetic apparatus.
Distribution of excitation energy among thylakoid pigment complexes upon dehydration and rehydration
Next, regulation of light-harvesting and energy distribution among thylakoid complexes were analyzed in terms of 77 K chlorophyll fluorescence emission spectra as described (Andreeva et al. 2003) . Our data showed that the free LHCII emission peak decreased dramatically during dehydration and recovered upon rehydration (Fig. 7A) . Similarly, the fluorescence emission of LHCII trimer also progressively declined during dehydration (Fig. 7C) , indicating a reduced amount of LHCII located in grana margins and stroma thylakoids. Notably, the absolute fluorescence value of PSII and PSI were reduced slightly upon dehydration ( Fig. 7B and 7E) , while PSI-LHCI fluorescence was significantly declined (Fig. 7D and 7F) . These results together revealed that LHCII-trimers will detach from PSII upon water deficit, and the LHCII antenna system could be attenuated significantly, however the maintained LHCII, PSII and PSI could remain functionally intact.
Discussion
To survive extreme drought condition, resurrection plants have evolved unique mechanisms to withstand severe water deficit stress while protecting cellular constituents and functional integrity Bartels 2013, Charuvi et al. 2015) . The primary strategy used by resurrection plants is the extensive curling of their leaves and crowded epidermis hairs on the abaxial surface (Mitra et al. 2013 , Sarvari et al. 2014 , which is a protective way against photoinhibition or photo-damage by reducing light absorption/harvesting directly (Farrant and Moore 2011) . B. hygrometrica has no wax layer on the surface of their leaves and thus lost water rapidly and rolled-over inside to show their hairy back to the surface (Deng et al. 2003) , then became a hard rounded shape after dehydration (Fig. 1A) . These morphological mechanisms are not only helpful for protecting them from foreign object damage, but also have an ecophysiological importance to overcome bright light and high temperature, permitting them survive in repetitive dehydration/rehydration cycle (Rafsanjani et al. 2015) . The hydrodynamic kinetics of A. thaliana, which differs sharply from that of B. hygrometrica, might be explained partially by the morphological difference of each plant during dehydration (Fig. 1) . The morphological variation probably occurs as a preliminary and ready strategy to activate subsequent protective mechanisms in the resurrection plants (Deng et al. 2003) .
In addition to the external morphological alternation, reshaping of internal organelles, such as chloroplasts and rearrangement of thylakoid system, also occur during dehydration/rehydration in the resurrection plants (Sarvari et al. 2014 , Charuvi et al. 2015 . In B. hygrometrica, intact chloroplasts were observed even after fully dehydration (Fig. 3H) , which could be an evidence of the typical characteristic of homoiochlorophyllous resurrection plants that retain most of their photosynthetic apparatus during dehydration (Charuvi et al. 2015 , Flores-Bavestrello et al. 2016 . However, the morphology of chloroplast altered markedly during dehydration (Fig. 3F-3H) , implying a response which potentially contributed to DT. Besides, abundant of PGs in a fully dehydrated state might be implicated in thylakoid system maintenance, which permitted B. hygrometrica rapid chloroplast recovery upon rehydration (Fig. 3H) . Since drought is generally accompanied with light irradiation (Morse et al. 2011) , intact and functional LHCs could lead to excess excitation, causing subsequent imbalanced energy distribution and elevation of ROS, which finally impose damage to plant cells via oxidation (Mullineaux and Karpinski 2002 , Charuvi et al. 2015 . In order to maintain cellular redox homeostasis, chloroplast degradation and reshaping in response to dehydration is reasonable, since the production of ROS is accelerated in chloroplasts under drought especially combined with light irradiation (Estavillo et al. 2011, Takahashi and Badger 2011, Fig. 7 Distribution of excitation energy in the thylakoid membrane. (A)-(F) Thylakoid proteins from B. hygrometrica at five states were isolated and subjected to determine fluorescence emission spectra at 77 K, and the excitation wavelengths indicated represent each photosynthetic components (Grieco et al. 2015) : free LHCII trimers and monomers emit a peak with maximum at 680 nm (A), PSII at 695 nm (B), aggregated LHCII trimers at 700 nm (C), PSI-LHCI at 720 nm and 735 nm (D) and (F), PSI at 733 nm in (E). Thylakoids were adjusted equally (40 mg/mL) according to the total chlorophyll concentration in each sample. FD, fresh hydrated; SD1, partially soil-dehydrated; SD2, severely soil-dehydrated; RD1, partially soil-rehydrated; RD2, fully soil-rehydrated. Experimental details can be found in the Method. Suzuki et al. 2012 ) and decrease of photosynthetic activity resulted from chloroplast degradation might block ROS germination upon water deficit. In addition, efficient ROS scavenging strategies were also used by B. hygrometrica during dehydration/rehydration cycle ( Fig. 2 and Supplementary Fig. 1 ). These results demonstrated that modulation of B. hygrometrica cellular redox homeostasis contributes to DT during dehydration/ rehydration cycle.
Unlike drought-sensitive plant such as A. thaliana, no significant change in the chlorophyll content of B. hygrometrica was observed during dehydration and rehydration (Fig. 4A and  4B) , verifying the ability of B. hygrometrica to maintain chlorophyll during dehydration, which permitted them to resume photosynthetic activity rapidly upon rehydration (Deng et al. 2003 , Georgieva et al. 2007 ). In addition, induction of carotenoid during dehydration ( Fig. 4B and Supplemental Fig. 2A ) suggested an adaptive response in B. hygrometrica since previous documents found that carotenoid plays a protective role against photo-inhibition (Munné-Bosch and Alegre 2000, Deng et al. 2003 , Reddy et al. 2004 . During the early stage of dehydration, the Pn or F v /F m decline was influenced by reduced Ci due to stomatal closure (Cornic 2000, Flexas and Medrano 2002) , while the further lowering and an eventual stop of Pn and F v /F m was caused by both the decrease of stomatal conductance and repression of photochemical activity (Fig. 4C, 4D and Supplementary Fig. 2C ). Interestingly, photochemical activities of both photo-systems in B. hygrometrica could be re-established progressively after rehydration ( Fig. 5A and 5E) , suggesting that the reaction centers of PSI and PSII can be maintained, at least in part, even when B. hygrometrica is exposed to severe dehydration. The quantum yields of each photo-system and non-photochemical energy dissipation (Fig. 5) demonstrated that the photosynthetic apparatus of both photo-systems remained light-responsive and coordinated dynamically during dehydration. Importantly, dark-relaxation curves of NPQ derived qI and qE strongly indicated that NPQ is not directly involved in controlling shutdown of photosynthesis ( Supplementary Fig. 4 ). Y(I) was relatively remained in the four hydrated state (Fig. 5E) , as opposed to Y(II) which dropped markedly during dehydration (Fig. 5A) , indicating a functional PSI even in a severe dehydrated condition. In the states of partial dehydration, more electrons pass PSI than PSII (Y(I)/Y(II) > 1), indicating that extra electrons are circulating around PSI (Fig. 5H) . In this way, cyclic electron transport might be important for B. hygrometrica photosynthetic regulation (Rumeau et al. 2007 , Yamori 2016 . In fact, the functions of PSI cyclic electron transport are linked to the generation of ÁpH across the thylakoid membrane, which then drives more ATP synthesis and also carries out regulatory roles via the acidification of the thylakoid lumen (Yamori and Shikanai 2016) . Our results suggested that balanced energy distribution and electron transport between PSI and PSII were required for B. hygrometrica to adapt with dehydration and rehydration.
The BN-PAGE and immunoblot analyses suggested that core photosynthetic apparatus were more or less stable during the dehydration/rehydration cycle (Fig. 6A) ; however, PSII-LHCII super-complexes, PSII core monomer and LHCII monomer were partially degraded or disassembled in response to dehydration ( Fig. 6A and 6B) . The detachment of PSII-LHCII supercomplexes and decrease of LHCII monomer abundance resulted in degradation of antenna proteins and restricted light absorption (Formaggio et al. 2001 , Minagawa 2011 , Wientjes et al. 2013 . LHCII functions in catalyzing light-harvesting for photosynthesis, quenching of harmful chlorophyll triple states for photoprotection and preventing photoinhibition by dissipating excessive excitation energy (Formaggio et al. 2001) . Therefore, LHCII disassociation from PSII-LHCII or degradation might be the potential mechanism of B. hygrometrica to balance light harvesting and photoprotection (Griffiths et al. 2014) . Reduction of D1 and D2 subunits protein level upon fully dehydration (Fig. 6C) reflected an inactivated PSII reaction centers, suggesting its important role for switching on/off photosynthesis and excessive excitation energy dissipation (Heber 2012) . We also observed reduced accumulation of ATP synthase and Cytb6f ( Fig. 6A and 6B) , which might contribute to the shutdown of the electron transport during dehydration to prevent excess excitation (Yamori et al. 2011 , Yamori et al. 2015 , Rochaix, 2011 since Cytb6f complex catalyzes the rate-determining step of the photosynthetic electron transport (Hasan and Cramer 2012, Zia et al. 2016) .
The organization of PSII dimer, LCHII trimer, PSI-LHCI complexes and PSI were more or less stable during the dehydration/ rehydration cycle (Fig. 7) . The stability of LCHII trimer ensures the water splitting and PQ reduction (Ruban et al. 2003 , Caffarri et al. 2009 , and the main function of PSI is to capture and convert solar energy into electrical energy (Jensen et al. 2007, Nelson and Yocum 2006) , therefore the basal level of PSI ensures partial maintenance of CEF during dehydration and subsequent rapid recovery upon water availability in B. hygrometrica. In addition, the stable LHCII trimer might be responsible for the nonphotochemical quenching and could reorganize energy transfer and photoprotection during the dehydration/rehydration cycle (Takahashi et al. 2006 , Wientjes et al. 2013 , Qin et al. 2015 . We proposed that regulation of photosynthetic apparatus composition might be an efficient mechanism for B. hygrometrica DT and resurrection ability.
Taken together, B. hygrometrica have developed mechanisms to keep the balance between DT and resurrection during the dehydration/rehydration cycle. Our study demonstrated that B. hygrometrica decreases photosynthetic activity via modulating photosynthetic apparatus abundance and complex composition during dehydration, resulting in limited excitation and less ROS accumulation. Redox homeostasis is further maintained through efficient ROS scavenging mechanisms. On the other hand, basal level photosynthetic apparatus is kept upon water deficit, and this permits rapid photosynthetic activity recovery when water is available for B. hygrometrica. Low level of LHCs assures limited light absorption, avoiding excess excitation and subsequent photo-damage, even the photosynthetic apparatus is partially active during dehydration. Studies of DT in B. hygrometrica will definitely provide new insights in plant drought tolerance and might shed light on drought-tolerant crops generation to meet worldwide food demand under a changing environment in the future.
Material and methods

Plant materials and treatments
B. hygrometrica seeds were collected in natural habitats and germinated on MS medium with 0.3% phytagel agar (SigmaAldrich) supplemented with 1% (w/v) sucrose. After 3 to 4 weeks, seedlings were transferred for soil-growing in a greenhouse at approximately 150 mmol photons m À2 s À1 at 25 C during 16 h/8 h light period. Four-month-old or six-leaf stage plants were collected for all experiments. For gradual dehydration/rehydration, soil-grown plants were dehydrated by withholding water, or rehydrated by soaking pots in water to expected RWC. In this study, B. hygrometrica in five hydrated states were harvested and used for further analyses: fresh hydrated (FD, 95-100% RWC), partially soil-dehydrated (SD1, app. 50% RWC, achieved by withholding water for 9 days), severely soil-dehydrated (SD2, app. 5% RWC, achieved by withholding water for about 14 days), partially soil-rehydrated (RD1, app. 50% RWC, achieved by soil-rehydration for 12 hours) and fully soil-rehydrated (RD2, app. 95% RWC, achieved by soilrehydration for 24 hours). For rapid drying, soil-grown plants were transferred to Petri dishes and air-dried immediately. Leaf RWC was determined gravimetrically, calculated as (fresh weight À dry weight)/(turgid weight À dry weight) Â 100.
Photosynthetic pigment analyses
Photosynthetic pigments were extracted with 80% acetone at 80 C for 10 min then cooling to room temperature and centrifuged, the supernatant were analyzed spectrophotometrically for pigment quantification (Wellburn 1994) .
Transmission electron microscope
For electron microscopy analysis, small segments of B. hygrometrica leaves were fixed with 1.5% glutaraldehyde for 4 h at 4 C. After post-fixation with 1% OsO 4 , subsequent protocols for dehydration, embedding and staining were applied. Ultrathin sections were observed with an electron microscope (Ferroni et al. 2016) .
Electrolyte leakage and H 2 O 2 content assay
Electrolyte leakage was measured as described (Zhu et al. 2015 ) using a conductivity meter (Hanna Instruments). Leakage values (mS/g dry mass À1 min À1 ) were obtained from the leakage rate corrected by leaf dry mass. Three replicates of individual leaves were used for each treatment. The H 2 O 2 content detection was performed by using H 2 O 2 kit (A064, Nanjing Jiancheng, China) and following the manufacturer's instructions.
Antioxidant enzymatic activity and protective molecules assays
For the enzymatic activity assays, 0.3 g tissue were homogenized with 3 mL ice-cold 25 mM Hepes buffer (pH 7.8) containing 0.2 mM EDTA, 2 mM ascorbate and 2% polyvinylpyrrolidone (PVP). The homogenates were centrifuged at 12,000 g for 20 min at 4 C and the supernatants were used for the enzymatic activity determination . The content of MDA and soluble sugar were measured according to the instrument of each detection kit (Nanjing Jiancheng, China).
Glutathione redox state measurement
The detection of oxidized and reduced forms of glutathione was performed by spectrophotometric plate reader assay with an A061-1 kit (Nanjing Jiancheng, China). Standards and sample extracts were assayed in triplicate (Jia et al. 2015) .
Photosynthetic rate and chlorophyll fluorescence analyzes
Plant net photosynthetic rate (Pn), transpiration rate (Tr), intracellular CO 2 concentration (Ci) as well as stomatal conductance (Gs) were measured using a portable gas-exchange analyzer (GSF-3000; Walz, Effeltrich, Germany) at a photosynthetic photon flux density (PPFD) of 1600 mmolÁm À2 s À1 , a CO 2 concentration of 380 mmolÁmol À1 and a temperature of 25 ± 1 C (Ruehr et al. 2009 ). Modulated chlorophyll fluorescence was analyzed using chlorophyll fluorometer (IMAG-MINI PAM-2000; Heinz Walz, Effeltrich) with red (630 nm) pulse modulated measuring light at room temperature. Fluorescence measurements for steady-state illuminations and dark relaxation were performed respectively. Samples were dark-adapted for 30 min before measurements. Color-indexed images of the plants showing chlorophyll fluorescence parameters were captured using the Imaging PAM software. To record the light intensity responsive curves [NPQ, ETR and Y(II) ], samples were illuminated as following light intensities: 0, 100, 200, 300, 400, 500, 600, 700, 800, 1000 and 1100 mmol photons m À2 s À1 (Lu et al. 2011) . Quantum yields and fluorescence yields were analyzed according to (Hendrickson et al. 2004 , Lazar 2015 . PSI activity was analyzed with a Dual-PAM-100 (Walz) and calculated automatically with Dual-PAM-100 software. The quantum yield of PSI photochemistry (Y(I)) and the complementary non-photochemical yields corresponding to acceptor-side [Y(NA) and donor-side (Y(ND)] limitation of PSI were calculated according to (Ferroni et al. 2016 ).
Electron transport activity assay
All the electron transport activities were assayed using Hansatech Clark type oxygen electrode. The reaction mixture of whole chain electron transport activity contained reaction buffer: 1 mM methylviologen (MV, Sigma), 10 mM methylamine (Sigma), 1 mM sodium-azide and thylakoid membranes. Similarly, the reaction mixtures for PSII catalyzed electron transport activity contained reaction buffer with 5 mM ammonium chloride (Sigma), 5 mM 2, 6-dichloro-indophenol (DCPIP, Sigma) and thylakoid membranes. The PSI catalyzed electron transport activity assay mixture contained 2 mM ascorbate, 100 mM DCPIP, 1 mM MV and 1 mM sodium-azide, 10 mM methylamine and 10 mM diuron (DCMU, Sigma). All the assays were measured at room temperature and thylakoid membranes were suspended at 10 mg Chl mL À1 in the reaction medium.
Thylakoid membranes isolation, BN-PAGE and immunoblot assays
Thylakoid membranes were isolated as described by Zhang et al. (2016) with minor modifications. Samples of B. hygrometrica leaves were homogenized with ice-cold extraction solution. The homogenates was filtered through four layers of cheesecloth and centrifuged at 2,000 g for 4 min at 4 C. The precipitation was re-suspended and centrifuged again. The final pellet was resuspended in a small aliquot of storage buffer. BN-PAGE assay was performed as described (Malnoe et al. 2014) . Thylakoids were solubilized with 1% (w/v) DM (Sigma) on ice for 10 min. After centrifugation at 10,000 g for 10 min at 4 C, the supernatant was supplemented with 0.1 vol sample buffer, and equal volumes of supernatants were then subjected to BN-PAGE with a gradient of 5-13.5% Bis-Tris mini separation gel. Electrophoresis was performed at 4 C with a gradual increase in the voltage as follows: 75 V for 30 min, 100 V for 30 min, 125 V for 30 min, 150 V for 1 h and 175 V for 30 min, followed by 200 V until the sample reached the end of the gel (total running time was approximately 4 h). For 2D separation of the individual protein subunits, strips from the first dimension native-PAGE were excised and incubated for 1 h at 21 C in Laemmli buffer and followed by separation of the protein subunits of the complexes by SDS-PAGE. After electrophoresis, the proteins were visualized by Coomassie Blue staining (Jarvi et al. 2011) . Band intensity in BN-PAGE lanes was quantified using ImageJ. For immunoblot analysis, thylakoid fraction were centrifuged at 6,000 rpm for 15 min at 4 C and suspended in 4 Â sample buffer (0.2 M Tris-HCl, pH 6.8, 5 M urea, 10% (v/v) glycerol, 8% (w/v) SDS, and 20% (v/v) b-mercaptoethanol). Samples (5 mg proteins per lane) were resolved on 12% (w/v) SDS-PAGE gels. After electrophoresis, the proteins were transferred to polyvinylidene difluoride membranes, probed with specific antibodies, and visualized by the chemiluminescence method.
Determination of fluorescence spectra
Fluorescence emission spectra were measured from frozen suspension at 77 K or room temperature by using a fluorescence spectrometer (RF-5301PC). The solubilized thylakoid fractions with final concentration of 40 mg Chl/mL (200 mL volume) were excited with expected wavelength, and emission spectra from 600 to 780 nm were automatically recorded at 77 K or room temperature (Grieco et al., 2015) . According to a previous study (Andreeva et al. 2003) , 77 K chlorophyll fluorescence spectrum could be decomposed into its main components: free LHCII trimers and monomers emit a peak with maximum at 680 nm, PSII at 685 nm and 695 nm, aggregated LHCII trimers at 700 nm, PSI-LHCI at 720 nm and 735 nm while PSI at 733 nm, respectively.
Statistical analyses
One-or two-factor analysis of variance (ANOVA) was performed to analyze the statistical significance (P 0.05). At least three biological repeats were carried out for all dependent variables measured in the experiment.
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